There is a unique SU(4) ⊗ SU(2) L ⊗ SU(2) R gauge model which allows quarks and leptons to be unified at the TeV scale. It is already known that the neutrino masses arise radiatively in the model and are naturally light. We study the atmospheric, solar and LSND neutrino anomalies within the framework of this model.
I. INTRODUCTION
The similarity of the quarks and leptons may be due to some type of symmetry between them. Various theories have been proposed including the Pati-Salam theory [1] where the leptons take the fourth colour within a SU(4) ⊗ SU(2) L ⊗ SU(2) R gauge model. * While definitely a good idea, there are some slightly unpleasant aspects of the Pati-Salam model. In particular, one of the main drawbacks of the Pati-Salam theory is that almost all of its unique predictions for new physics cannot be tested because the experimental constraints on the symmetry breaking scale imply that it is out of reach of current and proposed experiments. The problem is twofold. First there are stringent constraints coming from rare meson decays. These imply a lower limit on the symmetry breaking scale of about 20 TeV [3] for the symmetry breaking scale which means that the heavy gauge bosons are too heavy to be found in even the Large Hadron Collider (LHC). The Pati-Salam model at the relatively low scale of 20 TeV also has great problems in explaining the light neutrino masses. The see-saw mechanism adopted in such models cannot suppress the neutrino mass sufficiently unless the symmetry breaking scale is very high. The required light neutrino masses suggest that the symmetry breaking scale is at least about 50 PeV [4] (1 PeV ≡ 1000 TeV). All is not lost however. There appears to be a unique alternative SU(4) ⊗ SU(2) L ⊗ SU(2) R gauge model (which we call the alternative 422 model) which preserves the elegance and simplicity of the original Pati-Salam theory while allowing for a low symmetry breaking scale of about 1 TeV [5] . This not only allows the unique predictions of the theory to be tested in collider experiments, but the theory also avoids the dreaded gauge hierarchy problem by not introducing any hierarchy to begin with. The theory also has characteristic predictions for rare B, K decays, baryon number violation as well as non-zero neutrino masses, all of which are naturally within current bounds, despite the low symmetry breaking scale of a TeV. Thus in one act of prestidigitation all of the problems aflicting the original Pati-Salam model are cured.
Over the last few years, significant evidence for neutrino masses has emerged from the neutrino physics anomalies: the atmospheric [6] , solar [7] and LSND [8] neutrino experiments. It is therefore an interesting question as to whether the alternative 422 model can accommodate these experiments. It has already been shown [9] that the masses for the neutrinos in this model typically span the necessary range to possibly account for these experiments. In fact viewed simply as a gauge model for neutrino masses, the theory is quite interesting because it provides a nice explanation for the small masses of the neutrinos without any need for (untestable) hypothesis about high energy scales (which arise in most popular theories of neutrino masses). We will show that the theory in its minimal form can accommodate the atmospheric and solar neutrino anomalies or the atmospheric and LSND neutrino anomalies but not all three simultaneously. Thus, the theory is a candidate for the physics responsible for the neutrino physics anomalies. However, since it cannot explain all three of the neutrino anomalies, it obviously follows that if all three anomalies are confirmed * Other possibilities include models with a discrete quark-lepton symmetry which features a spontaneously broken SU (3) colour group for leptons. [2] in forthcoming experiments, then this would require physics beyond this model for an explanation. One elegant possibility is the mirror symmetrized extension which can provide a simple explanation of the neutrino physics anomalies, as we will show.
The outline of this paper is as follows: In section II we briefly comment on the experimental situation and the various oscillation solutions to the solar, atmospheric neutrino anomalies and the LSND measurements. In section III we revise the essentials of the alternative 422 model. In particular we will derive the mass matrices of the fermions after spontaneous symmetry breaking (SSB). We will also define a basis for the fermions in which their weak eigenstates are related to their respective mass eigenstates via CKM-type unitary matrices. In section IV we explain the mechanisms that give rise to the masses of the neutrinos. This includes the tree level mixing that generates right-handed (right-handed) neutrino Majorana massesν R M R (ν R ) c and two radiative mechanisms, via gauge and scalar interactions, that give rise to Dirac masses of the ordinary neutrinos. In section V we consider the special case of decoupled generations and examine the possibility to obtain near maximalν L → (ν R )
c oscillations within the model (which turn outs to be negative). In section VI, we mirror symmetrise the alternative 422 model to obtain a TeV scale solution scheme for all three of the neutrino anomalies. In section VII we will identify how the minimal alternative 422 model could provide simultaneous solutions to (near maximal oscillations) atmospheric neutrino anomaly and the LSND measurements in the case where gauge interactions dominates the radiative neutrino mass generation. We conclude in section VIII.
II. OSCILLATION SOLUTIONS TO ATMOSPHERIC AND SOLAR NEUTRINO ANOMALIES AND LSND MEASUREMENTS
The experimental situation regarding the oscillation solutions of the atmospheric and solar neutrino problems has made much progress over the last few years. In this paper we mainly focus on the simplest possible solutions which involve maximal (or near maximal) two-flavour oscillations.
A. Atmospheric neutrino anomaly
In the case of atmospheric neutrino anomaly there is compelling evidence that about half of the up-going ν µ flux disappears [6] . The simplest oscillation solution which can explain the data are maximal ν µ → ν τ or maximal ν µ → ν sterile oscillations [10] . Despite impressive efforts by Super-Kamiokande [11] the experimental data cannot yet distinguish between these two possibilities [12] . Unfortunately, this situation probably cannot be clarified until long-baseline experiments provide or fail to provide τ events approximately in the year 2007. At present the parameter range that is consistent with the atmospheric neutrino anomaly is roughly sin 2 2θ > ∼ 0.85 and
B. Solar neutrino anomaly
In the case of solar neutrino anomaly [7] there is very strong evidence that about half of the ν e flux from the sun has gone missing when compared to theoretical models. The simplest explanation of this is in terms of maximal ν e oscillations, with the main suspects being maximal ν e → ν α (ν α is some linear combination of ν µ or ν τ ) [13] [14] [15] or maximal ν e → ν sterile oscillations [15] [16] [17] † . This maximum oscillation solution to the solar neutrino problem can explain the 50 % flux reduction for a large parameter range:
The upper bound arises from the lack ofν e disappearance in the CHOOZ and Palo Verde experiments [19] , while the lower bound comes from a lack of any distortion in the measured Super-Kamiokande recoil energy spectrum [20, 21] , which should make its appearance for δm 2 < ∼ 3 × 10 −10 eV 2 (traditional 'just so' region). Note that, the maximum oscillation solution was the only oscillation solution to predict the approximate energy independent spectrum obtained by Super-Kamiokande. (SMA MSW, LMA MSW and 'Just So' all predicted some distortion that should have been seen.) The Super-Kamiokande collaboration has also searched for a day-night effect. However no evidence for any difference in the day and night time event rates were found with a 3σ upper limit of [20] A n−d < 0.055 (3) where
(N = night time events and D = day time events). This limit allows a slice of parameter space to be excluded (using the numerical results of Ref.
[17]):
Thus for both the active and sterile maximal oscillation solutions the allowed δm 2 range breaks up into a high δm 2 region and a low δm 2 region:
where y = 0.5 for sterile case and y = 1 for the active case. These oscillation solutions will be tested in the near future: SNO [22] can test ν e → ν α oscillations versus ν e → ν sterile oscillations. Also, Borexino [23] can test the low δm 2 region by searching for a day-night effect and also seasonal effects [15] while KamLAND [24] can test the high δm 2 region by searching for ν e disappearance. Finally part of the high δm 2 region, 10
impacts on the atmospheric electron-like events and is currently disfavoured [25] . † Note that maximal (or near maximal) ν e → ν sterile oscillations (and/or maximal ν µ → ν sterile oscillations) are consistent with standard big-bang nucleosynthesis (BBN) for a large range of parameters [18] .
C. LSND data
There is strong and interesting evidence forν µ →ν e oscillations coming from the LSND experiment [8] which suggests the parameter region 0.2
with a rather small mixing angles sin 2 2θ ∼ 3 × 10 −2 − 10 −3 . This result will be checked by BooNE [26] soon. If the LSND signal is verified then one must invoke additional (sterile) neutrino(s) to simultaneously explain all the solar, atmospheric and LSND data due to the large δm 2 LSND ∼ eV 2 gap. Even if LSND is not verified, effectively sterile neutrino may still be responsible for the solar and/or atmospheric neutrino anomalies. The origin of the atmospheric and solar neutrino anomalies is something that only careful experimental studies can establish.
III. THE MODEL
In this paper we shall study the physics of the neutrino masses in the alternative 422 model [5, 9] . Before doing so it is instructive to revise the essentials of this model (with some refinement). The gauge symmetry of the alternative 422 model is
Under this gauge symmetry the fermions of each generation transform in the anomaly free representations:
The minimal choice of scalar multiplets which can both break the gauge symmetry correctly and give all of the charged fermions mass is
Observe that the required scalar multiplets have the same gauge representation as those of the fermions which gives some degree of elegance to the scalar sector (although there are three generations of fermions and only one generation of scalars). These scalars couple to the fermions as follows:
where the generation index has been suppressed and φ c = τ 2 φ * τ 2 . Under the SU(3) c ⊗U(1) T subgroup of SU(4), the 4 representation has the branching rule 4 = 3(1/3) + 1(−1). We will assume that the T = −1, I 3R = 1/2 (I 3L = 1/2) components of χ R (χ L ) gain non-zero Vacuum Expectation Values (VEVs) as well as the I 3L = −I 3R = −1/2 and I 3L = −I 3R = 1/2 components of the φ. We denote these VEVs by w R,L , u 1,2 respectively. In other words,
We will assume that the VEVs satisfy w R > u 1,2 , w L so that the symmetry is broken as follows:
where Y = T + 2I 3R is the linear combination of T and I 3R which annihilates χ R (i.e. Y χ R = 0) and
is the generator of the unbroken electromagnetic gauge symmetry. Observe that in the limit where w R ≫ w L , u 1 , u 2 , the model reduces to the standard model. The VEV w R breaks the gauge symmetry to the standard model subgroup.
To facilitate easy reference, we will use α = ± 1 2
) ⊕ 4(−1), where γ ′ = y, g, b is the usual colour index for SU(3) c and γ ′ = 4 refers to the fourth colour. The number in the bracket refers to T of subgroup U(1) T . With this index scheme the fermion multiplets are written as (with the generation index suppressed)
In the above matrices the first row of Q L and f L (Q R ) is the I 3L (I 3R ) = α (β) = 1/2 component while the second row is the
) and 4(−1) components of SU (4), and the columns of f L are the I 3R = β = ±1/2 components. Each field in the multiplets Eq. (13) represents 3 × 1 column vector of three generations.
As in the case of the Standard Model, the flavour states of the fermion fields are, in general, not aligned with the corresponding mass eigenstates. This shall necessitate the introduction of some theoretically arbitrary CKM type unitary matrices into the theory. 
The electric charges of the components of χ L,R , φ can be read off from Eq. (13) because the scalars and fermions have the same gauge representation. The mass matrices (after spontaneous symmetry breaking) of the fermions are derived from the Yukawa Lagrangian of Eq. (10) as follows:
where
are 3 × 3 generally non-diagonal mass matrices for the exotic E leptons, up-type quarks U and down-type quarks D respectively.
is the diagonal mass matrix for the charged leptons. The mass matricesM E ,M u ,M d can be diagonalised in the usual way (biunitary diagonalisation) to obtain the diagonal mass matrices, e.g. M E = U †M E V etc. so that the flavour statesψ are related to their mass eigenstates ψ via unitary matrices:
The gauge fields in the 15 representation of SU(4) has the branching rule 15 = 8(0) + 3(− ′ is the analogue of the CKM-type matrix in the SU(4) sector pertaining to lepto-quark interactions mediated by W ′ , W ′ * . It was shown in Ref. [5, 9] that the main experimental constraints on this 422 model come from rare B and K decays such as
depending on the form of K ′ . Remarkably, the symmetry breaking scale could be as low as a TeV without being in conflict with any experimental measurements. Indeed we will assume that the symmetry breaking scale is in the interesting low range § :
which is well motivated because it avoids the gauge hierarchy problem and it also allows the model to be testable at existing and future colliders (such as LHC).
The SU(2) L,R charged gauge bosons W ± L,R couple to the fermions via the interaction Lagrangian density
The charged gauge interactions are of our interest because they will give rise to radiative Dirac mass terms to the neutrinos in this model as we will now discuss.
IV. NEUTRINO MASS
With the model as defined in Section III, the ordinary neutrinosν L are massless at tree level because theν L states do not couple to any VEV [see Eq. (15)].
* * However, the neutrino masses are non-zero in the model because there are 1-loop (and higher order) Feynman diagrams which contribute to their masses. In other words the masses of the neutrinos arise radiatively in the model. In particular, as we will see later, a Dirac mass m D and aν L −(E L ) c mass mixing term m νE will be generated as mass corrections at 1-loop level, meanwhile theν R states gain Majorana masses at tree-level by mixing with E leptons. We will elaborate these mechanisms in more detail in the following subsections. In this paper we will be working exclusively in the t'Hooft-Feynman gauge. § Note that the lower limit on the mass of the E lepton arises from LEP measurements of the Z 0 width. * * To generate tree-level neutrino mass we need to either admit the gauge invariant bare mass term m barefL (f L ) c into the Lagrangian density in Eq. (10) or add a new Higg ∆ ∼ (4, 2, 3) into the Lagrangian density via the coupling λ ∆ ∆ † Q R f L +H.c.. By developing a VEV, ∆ can generate a Dirac mass termν L m DνR . We argue that, since the scale of m bare is completely independent of the weak scale, the assumption that m bare ≪ M weak is surely an interesting possibility. In view of this plausible assumption we have set m bare = 0. Meanwhile, adding an additional scalar multiplet such as ∆ spoils both the simplicity and elegance of the model. 
M d , M u are the 3 × 3 diagonal mass matrices for the down-type quarks and up-type quarks respectively, whereas M E is the 3 × 3 diagonal mass matrix for E leptons after biunitarydiagonalisingM E = w L λ 1 :
The matrices U, V describe the relation between the weak and mass eigenstates of the E leptons and can be determined from λ 1 [see Eq. (19)]. One can block diagonalise the 9 × 9 matrix in the lower right sector of M by a similarity transformation [27] using the approximately orthogonal matrix
Block diagonalisation casts M into the form
where each '0' is a 3 × 3 matrix of zeros, and
In the limit M E ≫ M l , M u , the statesν R are decoupled from the E leptons. In the special case of decoupled generations (e.g.
where i, q u and l index the generations. In this case, Eq. (27) reproduces the result
as obtained in Ref. [9] . 
which leads to the Feynman diagram: Note that since these interactions do not mediate cross generational mixing among the neutrinos, the Dirac mass matrix m D is strictly diagonal. As calculated in Ref. [9] , for each generation,
It was also shown in the same reference
which is not a strict upper limit, but rather an approximate condition to avoid fine tuning. § § In view of this rough upper limit, it is convenient to write m D in terms of a parameter 0 < η < 1 defined such that
If we take the reasonable range of 0.5 TeV < M W R < ∼ 10 TeV, then S typically spans a range of
Thus, the gauge loop contribution to m D is proportional to m l and is naturally light because of its radiative origin. The mass mixing term m νE arises at 1-loop level via the gauge interactions
leading to the Feynman diagram: ‡ ‡ The lower limit of µ 2 is simply zero since µ 2 vanishes in either limits of u 1 → 0 or u 2 → 0 and the theory remains phenomenologically consistent in this limit. § § As shown in Ref. [9] , the limit of Eq. (32) comes from
mt . To avoid the equality m b = m t we will need the scale of u 1 , u 2 be separated by a hierarchy, else we will need to fine-tune the Yukawa coupling constants λ 3, 4 .
c neutrino mixing term generated by gauge interactions leading to the mass term m νE .
Note that in contrast to m D , the involvement of the matrix V in the interactions Eq. (36) may mediate cross generational mixing. In the special case of decoupled generations, m νE has been calculated earlier by Ref. [9] as
is generically tiny compared to m D and m νE .
C. Radiative correction to M due to scalar interactions
In the previous subsection we have shown that at 1-loop level the gauge interactions give rise to Dirac mass m D , mass mixing correction m νE and also m M . Nevertheless, in this model this is not the only way mass corrections could arise. Other than the gauge mechanism discussed in the previous subsection, the Higgs sector also contains interactions that could generate Dirac mass for the neutrinos as a radiative mass correction. The relevant interactions involve the negatively charged colour singlet scalar χ
The first two terms of Eq. (39) will give rise to a Dirac mass correction m D with E − as propagator (see Fig. 3 ), whereas the last two terms will give rise to a mass mixing term m νE with charged leptons as propagator. Therefore in comparison to m D the mass m νE can be safely ignored. Figure 3 .ν LνR Dirac mass generated by scalar interactions. The cross in the scalar propagator is the perturbative mass mixing term that can be shown to vanish in either limit of
The mixing between χ L − χ R is effected solely by the mixing term of the form L,R so that the Dirac mass arising from these χ-interactions can be calculated.
The Goldstone bosons associated with each spontaneously broken symmetry are given by
where Φ are the Higgs scalars of the theory, T a the generators of the broken symmetries and λ a the vacua. Utilising Eq. (41), the would-be Goldstone bosons G ± L and G ± R can be identified by taking T a as the charged SU(2) L,R generators, τ ± . The two states which are orthogonal to G ± R and G ± L will be related to the physical Higgs H ± 1,2 with masses denoted by M H 1 ,H 2 . We will first work in the limit u 1 → 0 since we expect u 1 ≪ u 2 (or u 2 ≪ u 1 , which is analogous to u 1 ≪ u 2 in the following analysis). In this limit it is possible to show that (see Appendix) the weak eigenstates are related to G ± L,R , H ± 1,2 via the unitary matrix U g as
where the matrix U g is (in the limit u 1 → 0)
with normalisation constants
Referring to Eqs. (42), (43), we observe that
Thus it is clear that the χ-loop correction vanishes in the limit u 1 → 0. Self consistency implies that
which we also prove in the Appendix. In short, the χ-loop contribution to the neutrino Dirac mass vanishes in the limit u 1 → 0 (or analogously u 2 → 0). Recall that the gauge contribution to Dirac mass also vanishes in this limit. The expected hierarchy u 1 ≪ u 2 (or u 2 ≪ u 1 ) thus ensures a small gauge and scalar contribution to the neutrino Dirac mass. We now investigate the case of small u 1 = 0 (with u 1 ≪ u 2 ). In this case we can treat the u 1 term as a perturbation that induces small mass mixing term V 3 φ that will couple
, thus leading to neutrino Dirac masses. This argument also holds true if we interchange u 1 ↔ u 2 . Indexing the would-be Goldstone bosons and physical Higgs fields as
we can write the linear combination of G L,R compactly as
The explicit expression of U 1a ′ , U 2b can be read off directly from U g in Eq. (43). The mass correction in Fig. 3 is now a summation of all the contributions from the approximate mass eigenstates diagrams. Now we could evaluate the Feynman diagram in Fig. 3 by treating the cross insertion as a perturbation that gives rise to a vertex factor m 2 3 φ = −(Mu 1 + M ′ u 2 ). In the special case of decoupled generations, the mass correction is calculated to be (for first generation)
with
This quantity A can be greatly simplified in the limit w 
where we have set the mass of G ± R to the mass of M W R since we are working in the t'HooftFeynman gauge. Putting in reasonable limits for the parameters (M W R > ∼ 0.5 TeV, 50 GeV < M E < ∼ 10 TeV, 1 GeV < w L < 200 GeV), we find
Thus we can now constrain the relative contribution of the gauge and χ-loop diagrams. We find that
Using
Thus there is a range of parameters where gauge loop dominates (k g ≫ k χ ) and range of parameters where χ-loop dominates (k g ≪ k χ ). There is also a troublesome intermediate region with k g ≈ k χ which we will for the most part ignore.
V.ν L −ν R MIXING IN DECOUPLED GENERATIONS
Having derived the various contributions to the neutral lepton mass matrix M, we now examine the scenario where we assume that the mixing between generations is approximately negligible. Referring to the tree level mass matrix M of Eq. (23),ν R gains a Majorana mass from its mixing with the E leptons whileν L is massless at tree level. Including the 1-loop mass corrections, the mass matrix M is
The neutrinos (both left-handed and right-handed ones) will approximately decouple from the E leptons since the latter are much heavier (recall that M E > ∼ 45 GeV from Z 0 width). The effective Lagrangian density for the mass matrix of the neutrinos after decoupling from the E leptons is
where the matrix M ν is as given by
M R is given earlier in Eq. (27) . In the see-saw limit where the eigenvalues of M R are much larger than the eigenvalues of m
where 
Generically m M is always tiny in comparison to the other contributions to m L in all generations and shall be dropped hereafter.
In the case of decoupled generations the mixing angle betweenν L withν R can be determined from the matrix M ν :
The eigen masses of M ν are
and the mass squared difference is simply
Under the assumption of decoupled generations, the only way to solve atmospheric neutrino anomaly is viaν µL → (ν µR ) c oscillations. However, since experimentally we know that δm 
VI. MIRROR SYMMETRISATION OF THE ALTERNATIVE 422 MODEL
As concluded in the last section, decoupled generations cannot accommodate the atmospheric neutrino anomaly within our assumption of a low 422 symmetry breaking scale < ∼ few TeV. Nevertheless, we can still have near maximal active-sterile oscillations at the TeV scale if we mirror symmetrise the alternative 422 model in the spirit of the Exact Parity Model (EPM) [29] . These models allows parity to be an unbroken symmetry of nature which it turns out offers a framework to understand the dark matter, neutrino anomalies and various other puzzles. (For a review of the evidence see [30] .) It is well known that in mirror matter models maximal mixing occurs naturally because of the unbroken parity symmetry. In the 'mirror symmetric alternative 422 model',ν L will oscillate maximally to its parity partner (ν
c . Mirror symmetrisation can thus provide a mechanism to obtain maximal mixing whereas the naturally tiny masses (hence mass squared difference) of the neutrinos are radiatively generated and naturally small in this TeV scale model. In the mirror symmetric alternative 422 model, the symmetry group is extended to
Each family has a mirror partner, which we denote with a prime. Consideringν L andν R ,ν ′ R andν ′ L will be included in the particle content enabling parity to be to be an unbroken symmetry. Under the parity transformation,ν L ↔ γ 0ν
′ L (as well as x → −x, of course). The see-saw Langrangian density of Eq. (60) becomes
where Alternatively, the required mirror-ordinary mass mixing term can be generated if an additional Higgs scalar ρ αβ,α ′ β ′ ∼ (2, 2)(2 ′ , 2 ′ ) exists. The gauge invariant Yukawa coupling
will generate a mirror-ordinary mass mixing term as ρ develops a VEV. Because ρ can couple to φφ ′ in Higgs potential it can easily gain a VEV in the right orientation. To see this more transparently, let's take a look at the part of Higgs potential containing only the scalar field ρ,
As φ, φ ′ develop VEVs at φ = φ ′ = 0 u 2 u 1 0 , the trilinear term will induce a linear term in ρ. Because of this, minimising V (ρ) with respect to ρ †
will induce the VEVs
to the components of ρ αβ,α ′ β ′ . The VEV for the component
will generate the desired ordinary-mirror mass mixing term in L ρ :
In any case the mirror-ordinary mass mixing term m ′ is still a free parameter of the theory.
(67) and the Lagrangian density of light neutrinos is given by
The mass matrix M ′′ in Eq. (77) describes maximalν L → (ν ′ R ) c oscillations with eigen masses
In the limit of small intergenerational mixing the mass squared difference is simply 
Thus, the mirror symmetrised extension of the alternative 422 model can explain all the three neutrino anomalies without any physics beyond the TeV scale. The alternative 422 model provides the neutrino masses while mirror symmetrising it provides the maximal mixing between each ordinary and mirror neutrino flavour.
VII. MIXING BETWEEN GENERATIONS: NEUTRINO MASS DOMINATED BY GAUGE INTERACTIONS
In the previous two sections we have examined the case where the mixing between generations was small. Under this assumption the minimal alternative 422 model could not accommodate the large mixing required to explain the atmospheric or solar neutrino problems. However we also shown that the mirror symmetrised extension could explain all three neutrino anomalies. We now return to the minimal alternative 422 model and examine the alternative case where mixing between generations is large. From the discussion in the previous sections, recall that there are two different ways in which neutrino masses are generated in the model, namely via the gauge interactions and via the (scalar) χ-interactions. In either case, we see that the Dirac masses are proportional to the charged lepton masses m l [see Eq. (31), (49)]. The proportional constants k χ and k g are poorly constrained however. Our ignorance of their relative strength does not permit us to tell which mechanism is the dominating one. Though it remains a possibility that both contributions may be equally contributive, we shall not treat this general scenario to avoid complications. We will focus our attention only to the limiting case where the gauge interactions are assumed to dominate over the scalar interactions, i.e. k g ≫ k χ .
A. Two generations maximal mixing and 'lop-sided' M R
In this subsection, we shall analyse the limiting case where the radiative contribution to the neutrino mass from gauge interactions dominates the contribution due to the scalar interactions, i.e. k g ≫ k χ . Our strategy is to look for a mechanism in the 2-3 sector that provides a near maximalν µL →ν τ L oscillation solution to atmospheric neutrino anomaly. We then generalise it to the case of three generations.
Recall that the effective mass matrix for the light neutrinos is given by m L [see Eq. (61)]. Knowledge of m L allows us to work out the mixing angles and δm 2 , and to make contact with the neutrino experiments. In general, to calculate m L we require knowledge of the Yukawa coupling matrices λ 1 , ..., λ 4 . Our purpose here is to identify simple forms of λ 1 , ..., λ 4 which enable the model to accommodate the neutrino data. Let us first look at the special case of just the 2-3 sector. As discussed in Ref. [28] , we can obtain maximal ν µL →ν τ L oscillations if m ′ D is approximately diagonal and M R being 'lop sided', meaning that the off diagonal elements are much larger than the diagonal elements of the 2-3 mass matrix.
The (tree level) two generations mass matrix M R in the 2-3 sector, which we parametrise by
can be easily worked out from Eq. (27) . Note that the form of M R2 is intimately related to the Yukawa couplings λ 1 as well as the right-handed CKM-type matrix Y R . On the other hand, quite independently, the radiative correction to the neutrino mass m 
The simplest way that we have found to obtain lop-sided M R in our scheme (modulo certain 'permutations' which we will discuss later) is to note that when
If we let M R2 be diagonalised by the unitary matrix
we find that the mixing angle θ R behaves like lim θu,v→0
This mean that, assuming no accidental cancellation, we will obtain | tan 2θ R | ≫ 1 in the limit
with a pair of approximately degenerate eigen masses
Since m 
The effective mass matrix Eq. (89) indicates that, in the presence of small intergenerational mixing, the left-handed active neutrinosν µL ,ν τ L are approximate maximal mixture of almost degenerate mass eigenstates. We denote these eigen masses as
.
In the case where the limits of Eq. (87) are only approximate, the diagonal entries in M R2 (and hence m L ) shall in effect be replaced by some tiny values ǫ instead. It is natural to conceive that ǫ could split the eigen mass degeneracy to an order of 10 −3 eV
However, if this splitting is to be natural, the size of δm 
Estimating m 
Thus, we see that although near maximalν µL →ν τ L oscillations are achieved via the ansatz of Eq. (87) the δm 2 is not in natural compatibility with δm 2 atm in this particular situation. This means that maximal oscillation solution to atmospheric neutrino anomaly is not accommodated in this case. However we will show later that a permutation on the up-type quark masses in m i could be performed to obtain compatibility with the consistency requirement of Eq. (91). It is more convenient to discuss how the permutation (and its rationale) of the up-type quark masses could obtain a compatible range of δm 2 between this scheme and the experimental values by including the first generation neutrino into the picture. We shall do so in the following subsection.
Before we proceed to the three generations case, it is worth to comment on the form taken by Y † R under the ansatz of Eq. (87). Since m D is approximately diagonal under this ansatz, near maximalν µL →ν τ L oscillations should originate from M R2 of the right-handed neutrino sector, which is in turn related to the form of Y † R and the mass matrix λ 1 . In the limit of this ansatz, Y † R is off-diagonal in the 2-3 sector (assuming that the first generation is approximately decoupled from the 2-3 sector),
If we assume a left-right similarity so that
then this means that
Recall that, as discussed in detail by Ref. [5, 9] , the SU(4) gauge interactions involving the coloured gauge bosons W
could mediate lepto-quark transitions. In Ref. [5, 9] it was shown that K ′ must be non-diagonal to avoid contributions from K 0 → µ ± e ∓ decays. In that case the primary constraint on the SU(4) symmetry breaking scale M W ′ is from rare B 0 decays, B 0 → µ ± e ∓ , τ ± e ∓ and τ ± µ ∓ , depending on the forms of K ′ , resulting in the low symmetry breaking scale of ∼ TeV. Specifically, in order for the TeV symmetry breaking scale to occur, K ′ have to be in certain forms that will suppress the rare decays K L → µ ± e ∓ . In fact Ref. [9] pointed that there are only 4 possible (approximate) forms for K ′ that are consistent with the TeV SSB scale:
Note that Eq. (95) is a special case of these forms, namely,
Eq. (94) amounts to suggesting that non-diagonal K ′ (required for low symmetry breaking) and non-diagonal Y † R (required to obtain maximalν µL →ν τ L oscillations) may have a common origin. For example, if we make the ansatz that λ 3 , λ 4 takes the approximate form
with the other 2 Yukawas {λ 1 , λ 2 } approximately diagonal, then this will simultaneously lead to Eq. (93) and (95), hence the low symmetry breaking scale (∼ few TeV) and near maximalν µL →ν τ L oscillations.
B. Permutation of up-type quark masses and three generations mixing
In this subsection we will include the first generation neutrino into the picture under the assumption that the intergenerational mixing between the first and the 2-3 sector is small. In such a scenario m L will take the approximate form 
which leads to a pair of almost degenerate eigen masses m 2 , m 3 in the 2-3 sector that is separated from eigen mass
with a distinct gap. The near maximal oscillation solution for atmospheric neutrino anomaly corresponds to a near degenerate pair of eigen masses m 2 , m 3 . It is obvious that to include the first generation neutrino to solve the solar neutrino anomaly (which involves a much smaller δm 2 < ∼ 10 −3 eV 2 required by all oscillation solutions) the first generation neutrino mass will have to be very nearly degenerate with the other two neutrino masses, which is quite unnatural. Thus we conclude that the gauge loop mechanism seems to explain the LSND data more readily than the solar neutrino anomaly. The gap δm 
) and (c) K
). To find out how these three different forms of K ′ can also lead to maximal mixing in the 2-3 sector, we will use the constraint that the lop-sided form of M R , and thus maximal
the lop-sided form of M R should be preserved, R and U † (= I) → U ′ † , the net effect is that the diagonal up-type quark mass matrix M u is replaced by
thus changing the up-type quark masses dependence of the eigen masses m i . 
As a result, the up-type quark masses as appear in m 2,3 and m 1 in Eq. (90) and (101) will be permuted by Eq. (107) which lead to the eigen masses for the light neutrinos
We see that the upper limit of the scale of m 
which permits a large range of parameter in η so that m 
also permits a large range of parameter space in η to accommodate δm 2 LSND . This scheme is easily realised by imposing the ansatz that the Yukawas are of the forms
Next, we look at the form 
This results in permutation of up-type quark masses {m u , m c , m t } → {m c , m u , m t }. The mass square difference
is not compatible with the experimental values of δm 
In passing, we note that the Yukawas of the forms
will lead to the above unsatisfactory scheme.
Finally, we investigate the case In short, we see that out of the 4 different forms of K ′ in Eq. (97), the schemes (a) and (c) stand out to be most promising to provide viable solutions to both LSND and (near maximal oscillations) atmospheric neutrino anomaly with mass scale < ∼ few TeV. Note the schemes we have discussed in this section cannot accommodate solar neutrino anomaly (while keeping both LSND and atmospheric neutrino solutions) because the right-handed neutrinos are decoupled from the left-handed ones at TeV scale.
In the parameter range where scalar interactions dominate over the gauge interactions things are less constrained and there are more possibilities. It is possible to implement the lop-sided M R scheme in the scalar sector case in much the same way as in the previous section. Other possibilities where m D is off diagonal is also possible in the scalar case which can also lead to schemes compatible with data. However these schemes seem less elegant because of the larger degree of arbitrariness in scalar interactions.
VIII. CONCLUSION
The similarity of the quarks and leptons suggests that quarks and leptons might be connected by some spontaneously broken symmetry. However such a situation will lead to a gauge hierarchy problem unless the symmetry breaking scale is less that a few TeV. There are only two known ways that quark-lepton unification can occur at the TeV scale. First, quarks and leptons can be connected by a spontaneously broken discrete symmetry [2] . While this an interesting possibility, it is difficult to naturally explain the lightness of the neutrinos in these schemes. The second possibility is a modification of the Pati-Salam model [1] called the alternative 422 model [5, 9] . It turns out that the neutrinos in the alternative 422 model are naturally light because they are massless at the tree level and their masses are radiatively generated. The model also predicts novel B o physics. The possibility that the model can provide the interactions to generate the right neutrino mass and mixing patterns which might explain the atmospheric, solar and/or LSND neutrino anomalies has been studied in detail in this paper. We have shown that the model cannot accommodate simultaneously all three of the anomalies unless it is extended in some way. However the minimal model can quite naturally accommodate the atmospheric and LSND anomalies. We have also pointed out that the solar neutrino problem could be most naturally explained if the model was extended with a mirror sector. Generally,
For definiteness let we focus on the negatively charged fields, and let us work in the limit u 1 → 0:
Likewise, G ± R are associated with the SSB of charged sector in SU(2) R :
from which we obtain 
The states orthogonal to G ± L,R will be the physical Higgs H 
We will show that there exists an approximate global symmetry U(1) X of this Higgs potential in the limit u 1 → 0, u 2 = 0 (or u 2 → 0, u 1 = 0) that will allow us to identify the physical Higgs states (in that limit). The global symmetry U(1) X can be defined by the generator
Furthermore for the global symmetry to be useful we require it to be unbroken by the vacuum, that is,
which is indeed the case given our choice of X (and the limit u 1 → 0). Referring to V 3 in Eq. (126), notice that the M ′ term is not a symmetry under U(1) X . However, in the limit u 1 → 0 then M ′ must also be zero for self consistency. The reason is that a non zero M ′ in V 3 will induce a linear term in the (21) component of φ (i.e. the place where u 1 would sit) when χ L,R develop VEVs. Because the potential is linear in u 1 (for small u 1 ) a non-zero VEV for u 1 must arise which is obviously not self consistent with our assumption that u 1 = 0. This shows that U(1) X becomes an unbroken symmetry because the U(1) X asymmetry M ′ term vanishes in the limit u 1 → 0. (We can also draw similar conclusion in the limit u 2 → 0, u 1 = 0.) Furthermore it allows us to uniquely specify the physical Higgs fields H 1 , H 2 since now we have two requirements. First they must be orthogonal to G L,R and second they must be composed of components with the same U(1) X charge. (Note that H 1 has X − charge -1, H 2 has X − charge +1.) These considerations lead to the identification of the charged physical Higgs fields: 
The effect of this is that we can treat the mass mixing terms 
